to be most effective for leaching cadmium and tellurium from broken pieces of CdTe PV modules. A solution comprising 5 mL of hydrogen peroxide per kg of PV scrap in 1 M sulfuric acid, gave better results than the 12 mL H 2 O 2 /kg, 3.2 M H 2 SO 4 solution currently used in the industry. Our study also showed that this dilute solution is more effective than hydrochloric-acid solutions and it can be reused after adding a small amount of hydrogen peroxide. These findings, when implemented in large-scale operation, would result in significant savings due to reductions in volume of the concentrated leaching agents (H 2 SO 4 and H 2 O 2 ) and of the alkaline reagents required to neutralize the residuals of leaching.
INTRODUCTION
Supported by the US Department of Energy, Brookhaven National Laboratory (BNL) is undertaking an experimental study on the treatment of CdTe photovoltaic glass waste.
The interest in treating the waste streams from environmental concerns that cadmium poses health concerns. The Environmental Protection Agency (EPA) regulates its discharge, and therefore, before disposing of CdTe-bearing PV manufacturing waste or spent PV products, a treatment technology must be identified that meets stringent environmental regulations. Hence, the major objective of this study is to establish a methodology that can prevent any environmental damage caused by cadmium through the disposal of PV product wastes, and can generate environmentally friendly, clean glass. Another objective is to determine a practical and economical technology for recovering and recycling of cadmium and tellurium extracted from the PV modules Research approach. Very little research data exists on treating CdTe-bearing PV manufacturing wastes [1, 2, 3] . Thermodynamic information on tellurium [6] and cadmium has shown the following: cadmium is soluble in acid media, and insoluble in neutral and slightly alkaline media; tellurium (IV) is sparingly soluble in acid media, insoluble in neutral media, and soluble in alkaline media; and, tellurium (VI) is soluble in acid media, and insoluble in alkaline media. Other studies show that telluride can be readily oxidized with hydrogen peroxide in acid media [4, 5] . Here, our approach is to leach out cadmium and tellurium from CdTe-bearing PV glass using hydrogen peroxide in acid media, followed by electrolysis to separate cadmium from tellurium.
DESCRIPTION OF THE EXPERIMENTS
Test materials. Two forms of PV product samples were tested in this study: 1) Intact pieces measuring 2.5" by 12" cut from CdTe PV modules manufactured by First Solar L.L.C., Perrysburg, Ohio; 2) Various sized fragments of PV modules representative of manufacturing waste in the same facility. These fragments were produced by breaking "out of specs" modules in a hammer-mill.
The average composition of the metals in the intact pieces (w/o connectors), measured by mass balances in the manufacturing facility, is approximately 0.05 Cd wt%; 0.06 % Te wt%; and, 0.01 Cu wt%.
The composition of the PV module fragments is uncertain since they were produced from "out of specs" modules during the start-up of manufacturing. They were expected to contain, on average, more copper than the intact pieces because they include bus connections and likely were non-homogeneous.
Leaching Equipment. The leaching tests initially were carried out in beakers held in a water bath at a carefully controlled temperature. A mercury thermometer in the leach solution measured the temperature. The leach slurries were agitated by a motor-driven, Teflon-coated stirrer paddle. Samples of the solution were withdrawn periodically with a syringe to assess the leaching rate.
After preliminary tests, the experiments were continued at ambient temperature and more intense agitation. Subsequently, a tumbling machine was used that is designed for Toxicity Characteristic Leaching Procedure (TCLP) tests. PV fragments were mixed with certain amount of leaching agent in a plastic bottle and sealed, and then the bottles were put into the cages of the tumbling machine. Samples were withdrawn every 30 minutes, diluted with 5% HNO 3, and analyzed for cadmium, tellurium, and copper using a Varian Model Liberty 100 Inductively Coupled Plasma (ICP) spectrometer.
In a four tests (#33 to #36), a commercial paint-can shaker was used instead of the TCLP tumbler, to see whether the intensity of mixing affected leaching.
Procedures.
We assessed the efficiency of two oxidative-leaching procedures in extracting cadmium and tellurium from PV glass; hydrogen peroxide leaching in sulfuric acid, and hydrogen peroxide leaching in hydrochloric acid. These experiments were done at two scales, with ~315 g of PV glass in small plastic bottles, and ~2153 g of PV glass in large plastic bottles. The pieces of intact PV glass were first carefully broken into smaller pieces with a hammer, and loaded into a plastic bottle. Fresh acid solutions, i.e., H 2 SO 4 or HCl, were prepared containing aqueous H 2 O 2 (30%) as an oxidizing agent, and a surfactant, C 8 H 17 SO 4 Na were added. The concentration of acid ranged from 1.0 M to 4.0 M. To obtain a complete leaching profile, the tumbling machine was run for 48 hours, although the samples were withdrawn from time to time. The samples were then filtered through syringe filters with the pore size of 0.20 µm to 0.70 µm. The filtrate was diluted with 5% HNO 3 and the solutions were analyzed for cadmium, tellurium, and copper by ICP spectrometry.
Normalization method for the concentration of leaching solution. The concentration measurements from the ICP analysis were normalized to account for the dilution of the sample and depletion of the leaching solution during sampling, and were expressed as wt % of the PV sample used in each test. The following equation was used to normalize the concentrations of the leaching solutions: 
RESULTS
The preliminary tests showed that H 2 O 2 readily oxidized both cadmium and tellurium in acid media. The leaching reactions can be expressed as follows [1, 6, 7] In strongly oxidizing conditions, tellurium may be oxidized to the hexavalent form, Te +6 , according to reaction (13). Consequently, it is likely that the solutions may contain tellurium in both the tetravalent and hexavalent states, depending on the oxidizing conditions.
The major parameters describing these tests are summarized in Table 1 , below. Figures 1 and 2 show that the sulfuric acid-based tests #16, #19, and #20 best leached Cd.
The liquid/ glass ratios of these tests (R) were around ~0.54 kg liquid per kg glass (~480 mL-liquid/kg-glass); the ratios of hydrogen peroxide (RO) added to the leaching agent, 1.0M sulfuric acid, were 12.8, 4.8, and 7.9 mL-H 2 O 2 /kg-glass for tests #16, #19, and #20, respectively. This suggests that a higher strength acid may not be advantageous for leaching cadmium as anticipated. Most of the tests revealed that in the first 30 minutes, cadmium was more readily attacked and leached out into solution than tellurium. Thus, at the 30-minute point, more than 80% of cadmium and tellurium were transferred from the glass into solution. However, stronger sulfuric acid initially appears to leach Te quicker than a weaker solution, as shown in Figure 2 . During the first 90 minutes, the leaching of tellurium with 4.0M of sulfuric acid was the highest among all tests, but with longer times (i.e., >2 hr) the 1 M acidic solution became equally effective as the 4 M one.
No further studies were made of hydrochloric acid leaching because its efficacy at extracting cadmium and tellurium was poorer than that of sulfuric acid, and furthermore, hydrochloric acid is more volatile. We note that ICP analysis of the solutions showed that trace amounts of copper exists in intact PV glass. The extraction of copper was quantified in later tests.
The efficiency of reused sulfuric acid also was tested to assess the possibility of recycling the leaching agent. These results are shown in tests #23, #24, and #27. The first two solutions were obtained by mixing the filtered used solutions from tests #16, #19, and #20, and adding a small amount of make-up H 2 O 2 . (The amount of hydrogen peroxide added to #23 and #24 differed, as seen from Table 1 ). In Test #27 the leaching solution already was used twice; it was a mixture of the filtrate from #23 and #24. Figures 3 and 4 reveal that the reused solutions were slightly less effective than unused ones. A onceused solution was about 10% less effective than the original in leaching Cd, and 3% less effective in leaching Te. The twice-used solution was about 15% less effective in leaching both metals. Nevertheless, these results demonstrate that leaching solutions can be reused after adding the appropriate makeupH2O2, thereby minimizing the production of liquid waste. The measured concentrations of reused leaching solutions are listed in Table 2 . . As shown in Table 2 , after two consecutive leaching procedures, the solution contained ~2.5 g/L of tellurium and ~2.2 g/L of cadmium.
Tests with PV fragments. The PV fragments contained copper in bus connections and in the CdTe layer. Therefore, we also analyzed the leaching solution for copper using ICP.
The copper was in elemental form, and, consequently, consumed hydrogen peroxide during leaching, as shown in Reaction 7, and accordingly made it necessary to add H 2 O 2 makeup solution. In these experiments we also examined the effect of varying the volume of leaching solution used for treating a constant mass of PV fragments. In one series of tests (#21, #22, #25, and #26), the ratio of liquid to solid was fixed around ~480 mL-liquid/kg-solid (i.e., 0.5 kg-liquid/kg-solid). In other tests (#28 through #32), the ratio was around ~230 mL-liquid/kg-glass (i.e., 0.25 kg-liquid/kg-solid). respectively, shows that the percentage of cadmium and tellurium extracted from intact PV pieces is considerably higher than that extracted from the PV fragments. This is not surprising, given the expected variability in concentrations in the large quantity (400 lb, 55-gal drum) of PV fragments supplied.
The liquid/solid ratio of ~230mL-liquid/kg-glass also was explored in tests #28 through 32. These tests used one-half the solution-to-glass ratio ( R) than the previous ones. Due to the low ratio of liquid/solid, withdrawing samples from these solutions was almost impossible in the first 300 minutes since very little free liquid phase was created.
Therefore, the first sample was taken after 300 minutes of continuous leaching. The results are shown in Figures 8, 9 and 10 respectively. The leaching rate of cadmium and tellurium was much faster than that of copper, especially in the first hour. Without exception, the concentration of copper in the leaching agent was less than 10% of that of cadmium and tellurium. Apparently, cadmium and tellurium can be selectively removed by carefully controlling leaching time, thus, preventing copper from being transferred into solution. This is an important finding because, otherwise, copper would cause problems in the following step of separating cadmium from tellurium. Surprisingly, a higher concentration of sulfuric acid did not necessarily entail a higher leaching efficiency of cadmium and tellurium, as Figures 11 and 12 demonstrate. Figure 11 shows that leaching with 3.2 M of H 2 SO 4 was the least efficient. On the other hand, 1.0 M of H 2 SO 4 was the best at leaching cadmium.
We observed, from all leaching tests, that the ratio of tellurium to cadmium in the PV module glass is less than the stoichiometric ratio of 1.135 in the CdTe molecule, which is explained by the substitution of Cd for Cu in the molecular structure. On the other hand, cadmium is also present in CdCl 2 and CdS, whereas tellurium is present only in CdTe.
Based on the concentrations of cadmium and tellurium in the leaching solutions, all experiments had weight ratios of tellurium to cadmium between 1.0 and 1.135, and particularly, in the first 30 minutes, the leaching rate of cadmium was faster than that of tellurium. This difference can be seen from Figures 
UNCERTAINTY ANALYSIS
The uncertainties considered in this experimental study relate to 1) The composition of the PV sample, 2) the composition of the leaching solution , 3) the leaching solution's weight and volume, 4) the volume of the sample taken for analysis, and, 5) the accuracy of the ICP measurements.
The PV samples were weighed before and after crushing; approximately 1% weight was lost due to fine residual or airborne particles. This loss most likely comprised glass fines produced by the impact of the hammer on the glass sheets of the PV "sandwich". The normalized data given in this report account for this 1% loss of mass. The error of the ICP analysis was determined by frequent calibration to be equal to, or less than.5% (calibration was performed after every eighth measurements). The results of calibration are shown in Appendix B. Several measurements were repeated and the results were always reproduced within 5%.
Since the above uncertainties are likely to be independent ones, , the overall uncertainty of the results is believed to be within 5%.
CONCLUSION and RECOMMENDATIONS
We demonstrated that Cd and Te can be effectively leached from fragments of PV modules with a dilute solution (i.e., Under the same molar concentration, the leaching efficiency of sulfuric acid was better than that of hydrochloric acid.
Copper was incompletely leached in the experiments performed so far. The rate of copper leaching was especially limited in the first three hours. Therefore, cadmium and tellurium might be selectively removed by controlling the leaching time, thus leaving copper in the glass phase. This approach is environmentally acceptable since the concentration of copper in the module is much lower than all applicable waste classification standards, including the California TTLC. Preventing or reducing Cu extraction, might allow a better separation of cadmium from tellurium in the liquid phase.
In the second phase of this study we will quantitatively separate and recover all cadmium from the liquid phase. The recovery of tellurium and copper is of secondary importance, as these metals do not generate a "waste" classification. 
